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I. INTRODUCTION
Characterization of laser-produced plasmas is important in a variety of experiments relevant to both inertial confinement fusion and basic plasma physics, where measurements of the temperature and magnetic field evolution are critical to understanding the plasma dynamics [1] [2] [3] [4] . Such plasmas are especially relevant in indirect-drive inertial confinement fusion, where multiple lasers irradiate the inside of a cylindrical hohlraum [5] . Previously, Thomson scattering [6] has been used to diagnose the temperature evolution of laser-produced plasmas, both in indirect-drive hohlraums [7] and in planar laser-foil experiments [8, 9] .
One particular scientific application of laser-foil interactions is the study of self-generated azimuthal magnetic fields around laser-produced, expanding, hemispherical plasma bubbles [10, 11] and their reconnection. Magnetic reconnection [12] has been explored traditionally in the context of astrophysical plasmas [13, 14] or in the laboratory with plasmas at low density (∼10 12 -10 14 cm −3 ) and low plasma β, the ratio of thermal energy density to magnetic energy density (∼0.001-0.1) [15] [16] [17] . Recent experiments have assessed the evolution and reconnnection of magnetic fields in the high-energy-density regime [18, 19] , through the interaction of multiple laser-produced plasma bubbles [9, [20] [21] [22] [23] . Several of these experiments have utilized the proton radiography technique [24] to probe these laser-produced plasma bubbles, producing quantitative data on the strength of laser-generated magnetic fields [9, [20] [21] [22] 25, 26] . Although some measurements of electron and ion temperatures have been made in these experiments [9] , there appears to be no published comprehensive, time-resolved set of measurements.
In this study, Thomson-scattering measurements have been used to characterize the temperature evolution at different times and locations in the laser-produced plasma bubbles and in the interaction region of bubble pairs. The data offer a comprehensive, time-resolved set of measurements of * mrosenbe@mit.edu local electron and ion temperatures in single and interacting laser-produced plasma bubbles, in conjunction with proton radiography data used to infer magnetic fields. Measurements of electron and ion temperatures in the reconnection region of laser-generated magnetic fields provide unique information on the temperature evolution in a high-β reconnection event. By juxtaposing temperature data in the reconnection region to comparable data in the single-bubble experiment, it is possible to infer the role of magnetic reconnection and the hydrodynamic collision of the two bubbles in shaping the thermal properties of the plasma. This paper is organized as follows: Sec. II describes the experiments and measurement techniques; Sec. III contrasts experimental and modeled results; Sec. IV discusses the findings; and Sec. V presents concluding remarks.
II. EXPERIMENTS
Laser-foil experiments were conducted at the OMEGA laser facility [27] . In each experiment, a 5-μm CH foil was irradiated by one or two 351-nm (3ω) beams in a 1-ns pulse with 500 J/beam and phase plates that produce an 800-μm spot size with a fourth-order super-Gaussian profile [28] . For the dualbeam reconnection experiments, laser spots were separated by 1.2-1.4 mm. In separate experiments, monoenergetic proton radiography data [29] and 4ω Thomson-scattering data [30] were obtained for the single or pair of laser-foil interactions. These experiments provide complementary information on the evolution of magnetic fields and ion and electron temperatures both in laser-produced plasma bubbles and in the magnetic reconnection of bubble pairs.
The setup for the Thomson-scattering experiments is shown in Fig. 1 . The Thomson-scattering technique utilizes a frequency-quadrupled (263.5-nm) probe beam and a streaked detector system for time-resolved measurements of the scattered light spectrum, from which electron and ion temperature histories are inferred for the laser-produced plasma [30] . On different shots, the probe beam was focused onto three different locations in each of the [ Fig. 1(b) ] single-bubble In these experiments, the Thomsonscattering probe beam was incident at a 79
• angle relative to the foil normal (z axis), nearly parallel to the foil surface, while the detector was at 37
• to the normal, such that the scattering angle was 63
• and the scattering vector 21
• to the foil normal. Locations probed are shown for (b) single-bubble experiments and (c) reconnection experiments. and [ Fig. 1(c) ] interacting-bubble geometry. The Thomsonscattering volume can be described as a cylinder approximately 60 μm in diameter and ∼75 μm in length, providing a local measurement of the plasma conditions [30] .
From the spectrum of light scattered by ion-acoustic fluctuations the electron and ion temperatures can be determined [6] . To first order, the electron temperature is proportional to the square of the wavelength shift of the probe beam; the spectral shape of ion-acoustic features is sensitive also to the ion temperature [7] . The electron density can also be inferred from the absolute magnitude of the scattered light spectrum, but density measurements were not obtained in this study.
The proton radiography setup is shown in Fig. 2 for both (a) the single-laser-foil experiments and (b) the dual-laser-foil (reconnection) experiments. A D 3 He-filled, thin-glass-shell backlighter was illuminated by 20 OMEGA beams, delivering 8.5 kJ in a 1-ns pulse and producing monoenergetic 3-and 15-MeV protons from respective DD and D 3 He fusion reactions. These backlighter protons were divided by a mesh grid into discrete beamlets before sampling the laser-produced CH plasma. The proton beamlets were then deflected by The distance between the backlighter and the CH foil is 15 mm, while the distance between the mesh grid and the foil is 2 mm. These experiments, the first using this configuration, were originally reported by Li et al. [20, 25] . magnetic fields surrounding the plasma bubbles and their positions were recorded using the solid-state nuclear track detector CR-39. Given the known proton energy as measured by proton spectrometers [31] , the measured deflection of each beamlet was used to infer quantitatively the path-integrated magnetic field strength through the plasma. The absolute timing of the proton arrival at the plasma was determined by the proton temporal diagnostic (PTD) [32] , which measures the time of proton emission from the backlighter. These experiments were described originally by Li et al. for single laser-produced plasma bubbles [25] and for the interaction of multiple bubbles [20] . Although the Thomson-scattering measurements and the proton radiography data were obtained on different shots, the experiments used comparable laser and target parameters.
III. RESULTS
Images of both individual and interacting plasma bubbles, using 15-MeV protons, are shown in Fig. 3 . These images, which have been published previously, reveal the evolution and reconnection of magnetic fields around laser-produced plasma bubbles [20, 25] . The published images are used here to illustrate the location of Thomson-scattering regions in the nearly identical experiments conducted in this work. In the single-bubble images [ Fig. 3 , and the locations of Thomson-scattering regions are shown at r = 0 (red star, for both z = 450 μm and z = 1000 μm) and at r = 600 μm (green triangle, for z = 450 μm) for t > 0.9 ns. In the interacting-bubbles experiments, the Thomson-scattering regions are located in the reconnection layer at r = 600 μm (red star, for z = 250 μm, z = 450 μm, and z = 700 μm). These images were first published by Li et al. [20, 25] .
triangle, r = 600 μm, z = 450 μm). The approximate bubble size (blue circle) is shown to illustrate the location of the bubble perimeter relative to the outer Thomson-scattering region. Note that the bubble edge is not the location of beamlet pileup, since that feature is the result of proton deflection and does not represent the actual radius of the bubble. The sample times indicated for the proton radiography images were obtained using the PTD. Since the bubble has expanded beyond a radius of 600 μm by t = 0.9 ns, the Thomson-scattering data at r = 600 μm obtained for t > 0.9 ns are well within the bubble perimeter.
Thomson-scattering measurements in the reconnection experiments [ Fig. 3(b) ] were all made in the center of the reconnection region, at the midpoint between the bubble centers (red star, at z = 250, 450, and 700 μm). As shown in the first reconnection image, the interaction of the two plasma bubbles has already begun at t = 0.67 ns. Thomson-scattering measurements of the interacting plasma bubbles were made from t ∼ 0.8-3.1 ns, so the data are obtained when the bubbles are interacting and their magnetic fields reconnecting.
Streaked Thomson-scattering spectra are shown in Fig. 4 , for each of the experimental geometries depicted in Fig. 1 . These images show the time evolution of scattered light spectra and reflect changes in the plasma conditions at the particular locations in the experiments. Wavelength shifts in both features reflect changes in the plasma flow, while changes in the interline spacing indicate evolution of the electron temperature [6] . Lineouts are taken to produce spectra at different times throughout the experiment from which the time history of electron and ion temperatures is inferred.
The times chosen for spectral analysis in shot 46931 are shown at the bottom right of Fig. 4 . Each lineout integrates over 120 ps to reduce the statistical noise in the spectrum. The relative timing of the spectral snapshots within a particular shot is known to ±50 ps, while the absolute uncertainty in the timing is ±100 ps. The resulting spectra and their fits are shown in Fig. 5 . The fitted spectra are convolutions of the Thomson-scattering form factor and the estimated instrumental response function, represented by a Gaussian of full width at half maximum 0.055 nm. Additional broadening of the measured spectral features not accounted for by the fits may be due to spatial gradients of electron and ion temperatures across the finite Thomson-scattering volume. Uncertainties in the inferred electron and ion temperatures are based on the quality of fit.
Measurements of the time-dependent electron and ion temperatures at three locations in the single-bubble plasma are shown on the left side of Fig. 6 and compared to temperatures predicted by two-dimensional (2D) LASNEX [33] hydrodynamics simulations at the appropriate location. The LASNEX simulations used in this study include the physics of magnetic fields and their generation from nonparallel gradients in electron temperature and electron density [34, 35] . The simulations include flux-limited electron diffusion and the Braginskii cross-field transport terms, which may modify hydrodynamic profiles [36] . The inclusion of magnetic fields has little effect (<10%) on LASNEX predictions of electron and ion temperatures over the time when Thomson-scattering measurements were obtained.
The overall electron temperature behavior agrees with the LASNEX simulations. The electron temperature at each location decreases after the laser turns off around t ∼ 1 ns, with the magnitude and time scale of decay generally matching those predicted by LASNEX over the period 1 < t < 2 ns. Beyond t ∼ 2 ns, the measured electron temperatures level off around 300 eV, while the simulated electron temperatures continue to decrease. This discrepancy may be caused by slight heating of the plasma by the probe beam at late times, which is not accounted for in the LASNEX simulations. At t ∼ 1.5 ns, the measured electron temperatures appear slightly lower than LASNEX predictions. Such a discrepancy would be consistent with the previous observation of magnetic fields around a single plasma bubble decaying faster than predicted [25] . That result could be explained by the measured electron temperature being lower than the simulated temperature, which would produce a faster diffusion of magnetic fields.
The ion temperature measurements also agree with the LASNEX simulations. In some experiments, the early-time ion temperatures are higher than predicted, although there is a large uncertainty in those measurements due to relatively poor fits to the measured spectrum. As the ion temperature is inferred from the ratio of trough to peak amplitude in the scattered light spectrum, its uncertainty is especially sensitive to the looseness of fit caused by temperature gradients across the Thomson-scattering volume. In all three single-bubble experiments at t > 1.5 ns, the timing of the ion temperature evolution matches LASNEX predictions, consistent with what was observed for the electron temperatures.
Thomson-scattering measurements of electron and ion temperatures in the reconnection region of the colliding plasma bubbles are shown on the right side of Fig. 6 . At each height in the reconnection layer, the electron temperature decreases after the laser has turned off. At z = 450 μm and z = 700 μm, the ion temperature decreases monotonically, while at z = 250 μm, there is a slight increase in the ion temperature for 1 < t < 1.7 ns before it decreases. Since the interacting plasma bubbles are inherently three dimensional, 2D LASNEX simulations are not applicable for these experiments.
IV. DISCUSSION
The single-bubble electron and ion temperature data are well modeled by LASNEX and depict the convection and cooling of the laser-produced plasma bubble in the period after laser shutoff, as the bubble is allowed to expand into the ambient vacuum. Measured electron and ion temperatures at fixed points in the experimental geometry level off at late times, as hotter plasma near the bubble center is convected through the Thomson-scattering regions. At all three locations in the single plasma bubble, the measured electron temperature at t > 2 ns is greater than the LASNEX predictions, possibly due to continued heating of the plasma by the Thomson-scattering probe beam. It should be noted that the late-time comparison of experimental data to LASNEX simulations is complicated also by the emergence of instabilities, which break the 2D bubble symmetry after the laser turns off around t ∼ 1.2 ns [25] .
Having measurements of the conditions in both single and interacting plasma bubbles allows assessment of the effect of the plasma collision and magnetic reconnection on the energetics of the system. A comparison of time-dependent electron and ion temperatures measured at (r = 600 μm, z = 450 μm) in the single-bubble case versus the interactingbubble case is shown in Fig. 7 . As shown in Fig. 7(a) , there is a negligible difference in the electron temperature history between the single bubble and reconnection cases during the time when magnetic reconnection is occurring between the two bubbles. Thus, the magnetic field energy released during reconnection does not noticeably raise the electron temperature. This result is in contrast to the findings of Nilson et al. [9] , where an increase in the electron temperature to 1.7 keV was inferred from Thomson-scattering measurements in the reconnection region of laser-produced plasma bubbles. The minimal impact of magnetic reconnection on the electron temperature of the plasma is expected for reconnection at high plasma β, where the magnetic pressure is small in comparison to the hydrodynamic pressure of the plasma.
The ion temperature histories [ Fig. 7(b) ] are nearly identical given the large uncertainties at early times, although the appearance of a slightly higher T i in the colliding-bubble case at t ∼ 1.3 ns is suggestive of a hydrodynamic collision 056407-5
FIG. 7. (Color online)
Comparison of time-dependent (a) electron temperature and (b) ion temperature for single plasma bubbles (blue circles) and colliding plasma bubbles (red squares) after the bubble collision around t ∼ 0.7 ns. There is a negligible difference in temperatures between the single-bubble and colliding-bubble cases, although the ion temperature around t = 1.3 ns is ∼50% higher in the colliding-bubble case (barely within the uncertainty). These results are consistent with the hydrodynamic collision of plasma bubbles at β 1.
of plasmas, independent of magnetic reconnection [37] . The ion-ion mean free path under these conditions is approximately 1 μm, so the plasma is collisional and some kinetic energy from the colliding plasmas is expected to be transferred to ion thermal energy. These data can also be used to more precisely identify the plasma β for these laser-produced plasmas, defined as
where n i (n e ) and T i (T e ) are the ion (electron) density and temperature, and B is the magnetic field strength. LASNEX simulations give an approximate electron density, while Thomson-scattering and proton radiography data give the temperatures and the magnetic field strength, respectively. Since each of the measurements is performed locally and at different times, care must be taken to ensure that appropriate values are used. For example, proton radiography data provide snapshots of the magnetic field strength at the expanding bubble perimeter where the magnetic fields are concentrated, while Thomson-scattering data are taken at fixed locations (e.g., r = 600 μm).
At t = 0.91 ns in the single-bubble experiment, the bubble perimeter is located at r = 700 μm, just outside the Thomson-scattering region at r = 600 μm. At t = 1.20 ns, the earliest Thomson-scattering measurement at that location gives T e = 0.65 keV and T i = 0.26 keV at (r = 600 μm, z = 450 μm). These temperatures, and the ∼0.5 MG magnetic field inferred from the proton radiography data, are approximately representative of the plasma conditions at the bubble perimeter at t = 0.9-1.2 ns and r = 600-700 μm. Along with the LASNEX-predicted electron density of 7 × 10 19 cm −3 , these parameters are used to estimate β ∼ 8. Therefore, the magnetic energy density is approximately one-eighth of the total thermal energy density at the bubble perimeter.
Similarly, the expansion velocity of the plasma bubble can be used to infer the ratio of plasma thermal energy to kinetic energy of the expanding plasma bubble. For a bubble expansion velocity of V ∼ 500 μm/ns, as inferred from proton radiography data [25] and consistent with the Doppler shifts in the Thomson-scattering spectra, there is approximately three times as much energy contained in the kinetic energy of the expanding bubble ( 1 2 n i m i V 2 ) as there is contained in the thermal energy (n i kT i + n e kT e ), and about 25 times as much energy as in the magnetic fields (B 2 /2μ 0 ). These results reinforce the picture of plasma bubble interaction where the dynamics is dominated by hydrodynamic processes, even though energy is released by the reconnection of large magnetic fields. At the high densities present in these experiments, the maximum energy released by the dissipation of 0.5-MG magnetic fields sets an upper bound on the increase in electron temperature of ∼80 eV. The actual energy released is estimated to be lower [20] , corresponding to an electron temperature increase of only ∼20 eV. Each of these estimates is negligible compared to the measured electron temperature of 650 eV.
The conditions under which magnetic reconnection occurs can be further specified by comparing time scales of different physical processes in the plasma bubbles prior to their collision. The magnetic Reynolds number (Rm), the ratio of resistive to flow time scales, is ∼2000, affirming that advection is the dominant mechanism in transporting the magnetic fields to the reconnection layer. Under such conditions, stretching of magnetic field lines [38] and pileup of magnetic flux may occur, as is predicted in colliding plasma bubbles [23] . However, the Thomson-scattering data indicate that even if the magnetic field strength is enhanced locally, the release of magnetic energy is insufficient to appreciably increase the electron temperature. The Lundquist number (S), the ratio of resistive to Alfvén crossing times, is ∼400 for this reconnection event, small enough to produce a fairly stable reconnection.
The simultaneous, time-resolved measurements of electron and ion temperatures shown in Fig. 6 hint at the process of thermal equilibration between species at different locations in the expanding plasma bubble. It should be emphasized that these time-dependent measurements are not tracking a parcel of plasma, but rather sampling different locations in the bubble geometry as they pass through the fixed Thomson-scattering region (e.g., at r = 600 μm, z = 450 μm).
In the single-bubble case, at each of (r = 0, z = 450 μm), (r = 0, z = 1000 μm), and (r = 600 μm, z = 450 μm), the electron temperature is greater than the ion temperature at t ∼ 1.2 ns by a factor of ∼1.5-2.5, due to the preferential absorption of laser light by the electrons. As the central region of the plasma bubble expands through the Thomson-scattering regions, the electrons and ions move closer to equilibrium, such that by t ∼ 1.8 ns, the temperatures are within 25% of each other. The difference between electron and ion temperatures in the colliding-bubbles experiments is not substantially different from that in the single-bubble case, and temperatures approach each other gradually for t > 1 ns. In both sets of experiments, the electron and ion temperatures never quite equilibrate. This result may be due to the absorption of energy from the Thomson-scattering probe beam, which preferentially heats the electrons.
For a CH plasma at n e ∼ 10 20 cm −3 and T e ∼ 650 eV, conditions near the bubble perimeter (r = 600 μm, z = 450 μm) at early times, the electron-ion equilibration time is τ eq ∼ 4 ns. As this time scale is longer than the duration of the experiment, it is unlikely that the perimeter plasma experiences significant thermal equilibration. The appearance of equilibration is more likely a consequence of the convection of plasma from denser regions at the center of the bubble, where an electron density of ∼5 × 10 20 cm −3 is predicted at early times. The equilibration time under those conditions is closer to τ eq ∼ 1 ns, so some thermal equilibration likely has occurred by the time that plasma passes through the Thomson-scattering region.
V. CONCLUSIONS
Time-resolved electron and ion temperature data have been presented for single and colliding plasma bubbles generated by laser-foil interactions. These data have been combined with magnetic field data to produce a comprehensive picture of the thermal and magnetic evolution of both individual plasma bubbles and the magnetic reconnection of interacting bubble pairs. The single-bubble electron and ion temperature data are in good agreement with LASNEX simulations.
Comparison of the temperature data between the single bubble and the interacting bubbles elucidates the impact of magnetic reconnection and hydrodynamic collision on the thermal properties of the plasma. The temperature data reveal a negligible difference between the single bubble and the reconnection case, although the ion temperature may be slightly higher at early times in the bubble collision. These results are consistent with the hydrodynamic collision of plasma bubbles at β 1, where magnetic reconnection does not appreciably alter the dynamics, and the estimated increase in electron temperature due to the release of magnetic energy is <5% of the total. A comparison of the energy sources in the system corroborates this picture: the kinetic energy density of the expanding bubble is ∼3 times its thermal energy density and ∼25 times its magnetic energy density. These data will help guide future studies of magnetic reconnection and basic plasma physics using laser-foil interactions.
